The application of fibre Bragg grating sensors for strain and force measurements in fluid dynamic experimental studies is presented. In the first example, a fibre Bragg grating is used as both a tether and a strain gauge for studies of neutrally buoyant spheres. The measured strains on the tether were found to agree well with the theory for the flow rates tested (0.14 to 0.33 m/s). In the second example a Bragg grating sensor has been used to monitor the forces acting on a cylinder as a function of flow rate and when the cylinder is translated in a stationary fluid. Excellent agreement was found between the vibration frequencies of the cylinder as measured by the Bragg grating and with a camera use to record the motion of the cylinder.
Introduction
The problem of vortex-induced and forced vibration of structures is important in many fields of engineering. This has led to a large number of fundamental studies, where naturally spheres 1, 2 and cylinders 3 are of importance as canonical systems. Some practical examples for spherical structures include tethered bodies like marine buoys, underwater mines, tethered balloons in the atmosphere, and towed objects behind ship, whereas circular cylinders are used in most off-shore structures. Oscillations of a structure induced by vortex shedding may yield amplitudes as large as 1.5 to 2 diameters; in addition, any other bodies in the wake may be forced into oscillation. It is well known some bodies can exert energy from a fluid stream and sustain oscillations. Consequently, knowledge of the instantaneous fluid forces (i.e. drag and lift) is crucial in understanding the interaction between hydrodynamic forces and the structures. Although the consequences of vortex-induced vibration can be disastrous, the magnitude of those forces is small.
Optical fibre Bragg gratings were first developed in the late 1970s 4 . Shortly after their discovery the first applications of these devices for use in sensing were reported and today they are used extensively to measure a wide variety of parameters, such as temperature and strain. Fibre Bragg grating sensor technology is now reasonably mature with several companies marketing complete sensor systems based on these devices. Some of the most commonly reported applications of fibre Bragg grating sensors are in the field of civil engineering where they are used to monitor the health of large structures, such as bridges, dams and off-shore oil rigs. For these applications the ability to multiplex many sensors together presents a significant advantage. The fundamentals of fibre Bragg gratings and their application to sensing have been reported extensively and can be found in references 4 and 5.
In addition to their use in civil engineering applications fibre optic sensors have been utilised in other fields in which these devices have advantages over the more traditional electrical sensors. Some examples of studies in areas related to the current paper are the development of fibre optic pressure sensors for wind tunnel studies 6, 7 , distributed optical flow sensing 8 , the measurement of flow induced structural vibration 9 and sensors to measure the forces on a sting balance used to test models in a wind tunnel 10 .
In this paper we present results of initial investigations illustrating the application of fibre Bragg grating sensors for use in fluid dynamics studies performed in a flow tank. Two examples are given which show how optical fibre sensors can provide attractive alternatives to traditional sensor technologies in fluid dynamics investigations. They include the use of a fibre Bragg grating sensor to measure the drag force on a neutrally buoyant sphere submerged in a moving fluid and a fibre Bragg grating is used to monitor the forces on a cylinder immersed in a flowing stream. For both of these applications the small size of optical fibre sensors is advantageous. Also a sensor that uses optical as opposed to electrical signals has obvious benefits in the wet environment in which these tests were carried out.
Fibre Bragg Grating Sensor Details
The fibre Bragg gratings used in this work were written in standard single-mode telecommunications fibre (SMF-28) that had been hydrogen loaded. A phase mask writing technique with UV (244 nm) illumination was used. Details of the properties of the fibre Bragg gratings used are given in Table 1 . In each of the applications reported the fibre Bragg grating sensors were monitored using a Micron Optics FBG-IS unit (acquisition rate 52 Hz). The individual gratings were calibrated using a series of known weights prior to use in the flow tank tests. 
Flow Tank Details
The experiments were conducted in a free-surface closed-loop water channel at Monash University. The experimental speed range is between 0.05 to 0.46 m/s with a turbulence intensity level of less than 1%. The channel test section dimensions are 600 mm (width) × 800 mm (height) × 4000 mm (length).
Application 1: Neutrally Buoyant Sphere
To monitor the drag forces acting on a neutrally buoyant sphere an optical fibre containing a fibre Bragg grating (FBG-NBS1) was used as a tether. In the initial tests the sphere was a table tennis ball (diameter ~ 39.6 mm) filled with water to minimise additional strain on the tether due to buoyancy effects. The fibre Bragg grating was attached to the table tennis ball by cutting a small hole into which a thin piece of plastic tubing (outer diameter ~0.7 mm) was inserted to provide protection for the optical fibre from sharp bends which may occur at the attachment points. A length of optical fibre containing a fibre Bragg grating was then inserted into the plastic tubing. The tubing and the optical fibre were held in place using a fast setting epoxy. The tether was approximately 260 mm in length from the table tennis ball to the vertical string with the fibre Bragg grating close to the middle of the tether (see Fig 1) . The drag force on the sphere was measured for flow rates between 0.137 m/s and 0.328 m/s by monitoring the shift in the wavelength of the Bragg grating. For each flow rate ~2 min of strain readings were taken after allowing sufficient time for the flow tank and sphere to reach a stable state. To minimise drift in the Bragg grating wavelength due to temperature changes the wavelength was measured for zero flow at the start and end of the test and the temperature of the fluid was also monitored. Only a slight drift in wavelength, equivalent to ~2 µε, was observed during the two hour test.
The average measured strain on the tether due to the sphere is plotted in Fig 2 as a function of flow rate. The error bars shown correspond to one standard deviation. At zero flow one standard deviation was measured to be equivalent to 3.5 µε. The increase in the size of the error bars at higher flow rates was investigated and appears to be due to visually 
Application 2: Fixed Cylinder in Moving Fluid
The forces acting on a cylinder in a moving fluid were studied by monitoring the strain on a relatively narrow beam, commonly known as a sting, used to connect the cylinder to a fixed end. The prototype sting is shown in Fig 3 and consists of a square piece of brass with a middle section of 2.5×2.5×125 mm, with attachment fixtures at each end. This design was developed using finite element modelling. The test cylinder used was a hollow circular cylinder made of carbon fibre with length of 800 mm and outer diameter of 20 mm. During the tests the cylinder was filled with water to reduce any additional buoyancy affects. A fibre Bragg grating (FBG-C1) was mounted on the sting using two part epoxy. Measurements of the strain on the sting due to forces on the cylinder were measured with the Bragg grating orientated to face the oncoming fluid for flow rates between 0.047 m/s and 0.100 m/s. After allowing sufficient time for the flow tank to reach a steady state at each flow rate (10-20 min) Bragg grating data was recorded for at least 3 min. Examples of the strains exerted on the sting during the test as measured by the Bragg grating are shown in Fig 4a. A drift in the Bragg wavelength equivalent to ~5.5 µε was recorded over the duration of the test, possibly due to slight temperature changes.
During the experiment it was noticed that in addition to being forced backwards due to the oncoming fluid, the cylinder also moved from side to side perpendicular to the fluid flow, as would be expected due to the effects of vortex shedding. The trajectory of the cylinder was recorded from underneath the tank at each flow rate using a PixelFly (PCO, Germany) camera with a resolution of 1360×1024 pixels. Fourier analysis was performed on both the Bragg grating and motion data to determine the frequency components. As shown in Fig 4b excellent correlation was found between the data from both of the measurement techniques.
Discussion and Conclusion
The data presented show the successful application of fibre Bragg grating sensors for the measurement of strain in fluid dynamics tests. The use of an optical fibre containing a fibre Bragg grating as a tether provided a unique solution to a difficult measurement problem. Further analysis using fluid dynamics theory has shown that the results obtained with the Bragg grating sensor match extremely well to the values expected from theory. Following this initial study additional Bragg grating sensor tests are underway in which improvements in the tether arrangement and the effect of spheres of different dimensions will be investigated.
The second test example showed the application of fibre Bragg gratings in measurements of the effects of fluid flow around a cylindrical object. Additional tests in this area are also underway in which changes in the design of the sting used to hold the cylinder are being investigated to allow changes in the sensitivity and/or range of values measured and also to undertake a direct comparison between fibre Bragg grating technology and a more traditional electrical-based sensing method.
This work has shown examples of how optical fibre Bragg grating sensors can be used to provide useful information in fluid dynamics studies in a flow tank. 
